Abstract: For the purposes of design of a turbocharger centrifugal compressor, a one-dimensional 8 modelling method has been developed and applied specifically to electrically-assisted 9 turbochargers (EAT). For this purpose, a mix of authoritative loss models was applied to determine 10 the compressor losses. Furthermore, an engine equipped with an electrically-assisted turbocharger 11 was modelled using commercial engine simulation software (GT-Power) to assess the performance 12 of the engine equipped with the designed compressor. A commercial 1.5L gasoline, in-line, 3- 
Introduction

26
General Turbocharging Advantages and Limitations
27
The impact of global warming has forced regulatory authorities around the world to establish 28 strict regulations on CO2 emissions and other greenhouse gas emissions. Although the regulations 29 created several technical challenges for automotive industry, this led to technology development as
30
there was a demand of decreasing the fuel consumption of engines, increasing their performance as 31 result more power and more sustainable products had to be designed to reduce their environmental 32 impact [1] [2] [3] . Among various technologies that have been developed, the most effective way to 33 increase the fuel economy and decrease the CO2 emissions of passenger vehicles is engine 
85
with test data as the pressure ratio is predicted and thus it could rise and lead to surge. However, the 86 new method deals with the issue by modelling the recirculation effects. Three different diameter 87 centrifugal compressors with vaneless diffusers and scroll collectors were used for the process [13] .
88
The procedure starts with the analysis of the inlet blockage creation by recirculation flow and how 
97
For further validation and exposing the weakness of the novel meanline modelling method,
98
another experiment was performed by Harley et al [7] . Although the modelling process was for the 99 same variety of turbocharger, automotive, the investigation was done on two new centrifugal 100 compressors. For the purpose of this study, the meanline modelling was used.
101
On the one hand, the results obtained from the single-zone modelling process were predicted 102 accurately for the larger compressor at low to medium tip speeds. However, there was a slightly difference in the prediction at the highest tip speeds. Moreover, the results obtained from the smaller 104 compressor were not predicted accurately as the characteristic of the pressure ratio was insufficient 105 towards surge. As far as the single passage computational fluid dynamics (CFD) method is 106 concerned, the results have shown that the inlet circulation can be predicted with high accuracy; 107 however, the method is incapable to predict the performance in the impeller trailing edge [7] .
108
In a recent paper by Samkit et al [17] , the preliminary design of a centrifugal compressor was 109 investigated using non-dimensional method. The parameters' dimensions were calculated by various 110 equations and correlations such as Weisner, Lame Ovals equations and Rodger and Sapiro [9] , and Thus, the preliminary design procedure of the radial compressor is not accurate enough as the 
120
et al [21] . Moreover, the numerical results obtained by a 3D Reynolds-averaged Navier-Stokes the 1D model were less accurate at low impeller speeds and choke than the computational fluid 123 dynamics (CFD) 3D method; however, at high impeller speeds, they could predict precisely with a 
146
another significant difference was that the scroll loss was predicted larger in the 1D method. Finally, 147 the authors suggested that by improving these major disparities in 1D modelling method, it would 148 be beneficial as the accuracy of the prediction method could be improved. 
157
The present paper, therefore, is attempting to implement leading compressor preliminary 158 performance zero-dimensional and pseudo one-dimensional techniques to the problem of 159 implementation of these for turbocharger compressors which are electrically assisted.
160
Centrifugal compressor design methodology
161
The design target was an electric turbocharger compressor that could meet the boosting 162 requirements of the engine at the specified engine speeds while offering a noticeable improvement 
173
In Figure 4 , the schematic flow diagram of the compressor modelling procedure that was used 
185
To start the design procedure of the centrifugal compressor, the input parameters and the 186 compressor geometry are required. Thus, the parameters that were given as designed constraints 187 would be the inlet conditions (ambient static pressure and temperature), maximum rotational speed,
188
air mass flow rate, and pressure ratio. As far as the compressor geometries were concerned they were 189 obtained from the centrifugal compressor that was designed by Yang et al [4] . Both input parameters
190
and compressor geometries are shown below. 
191
Non-dimensional loss parameters
In this section, the non-dimensional loss models, ̅, of the compressor components that were
198
used for the purposes of the study were presented. Specifically, the loss models for each component
199
were individually described and determined. 
Where fc is a correction factor, which depends on the total relative density ρtr
204
The mathematical descriptions of these two functions according to Aungier[23] are described as:
As the impeller is the rotating component, it was essential to determine the total relative pressure 206 and temperature, which are defined as follows [19] :
Where Mr is the relative Mach number, defined as:
To calculate the actual conditions of the impeller, the non-dimensional losses need to be 209 subtracted from the isentropic conditions. However, the total relative temperatures in isentropic and impeller. The chosen models that are analysed are presented in Table 1 .
218
219 220 
222
Moreover, each loss parameter was described and analysed individually. Also, the loss model
223
was described as a function of inlet, throat, isentropic exit and boundary conditions such as the area,
224
the radius of the impeller, the rotational speed and the mass flow rate.
226
Vaneless diffuser loss models
227
According to Aungier[23], the non-dimensional vaneless diffuser losses can be converted and 228 expressed as a total pressure loss defined as:
The vaneless diffuser loss model process is similar to that in the impeller. However, the vaneless 230 diffuser is a stationary component and the rothalpy is decreased to a constant enthalpy, hence the 231 total temperature in the vaneless diffuser and the scroll is constant.
232
The actual conditions of the vaneless diffuser were calculated by subtracting the total pressure 
257
In the above model the motor/generator object, which represents the electrical machine of the 258 electrically assisted turbocharger, is attached to the turboshaft.
260
4.1Motor/Generator specifications
261
The motor/generator parameters used for the simulation were based on an electrical machine 262 developed by Lee and Ehsani [27] . Table 4 below shows the Brushless DC motor/generator 263 specifications while Figure 7 illustrates the peak power and torque curves of the engine modelled. 
265
275
Finally, for the analysis presented here, it is worth noting that the thermal behavior of the 276 motor/generator was ignored.
278
Engine Specifications
279
For the simulation of the modeled engine, it was required to import the Ford Ecoboost 1.5L
280
specifications for modeling the engine objects. The specifications are described below. 
282
290
Moreover, as initial conditions were given, the ambient pressure and temperature were1.01325 bar
291
and 298K, respectively.
292
It is worth to be mentioned that the model of the electrically assisted turbocharger was modified
293
and analysed for five different power levels, varied from 1kW to 5kW. This is performed to study 294 and examine how the power consumed or generated from or by the electrical machine affects the 295 engine torque at low and high engine speed rates. The operating point used for the simulations are 296 presented in Table 6 . 297 298 
317
Furthermore, an important drawback is that the EAT forces the operation of the compressor to 318 exceed the surge line of the efficiency map as is shown in Figure . Therefore, map enhancement 
331
Transient Response
332
As can be seen from Figure 13 , the transient response time of the baseline engine at 1000 rpm 
347
The results in Figure 10 indicate that the electrical assisted turbocharger of 1kW at 1000 rpm of 
358
In Figure , the average turbocharger shaft speed over time is illustrated. Overall, the shaft speed 359 is rapidly increased with the electrical assistance. Especially, the maximum shaft speed that was 360 achieved by the 5kW model peaked at 110 krpm, while the maximum speed for the models from 2kW 361 to 4kW was at 105 krpm. Although the shaft speed of 1kW configuration has been increased faster 362 than the conventional turbocharger, the maximum speed that was achieved was lower than that of 363 the baseline model. Thus, the 1kW model is not a preferable turbocharger for the engine. 
369
Brake Torque and BSFC graphs
370
In this section, the brake torque and the brake specific fuel consumption of the GT-Power models 371 over the engine speed graphs are presented and discussed. The results in Figure 14 indicate that 372 engine torque was significantly improved with the electrically assisted turbocharger. Especially, the 373 highest value of torque achieved by the 5kW model was at 240 Nm at 3000 rpm engine speed. difference can be spotted in the netBSFC map in Figure ( after power required to run the motor was 376 subtracted). The BSFC of the 4kW power level is slightly reduced for the engine speed range from 377 3000 to 4000 rpm compared to the 3kW EAT model.
378
Furthermore, as far as the 1kW and 2kW cases are concerned, the engine torque has been 379 increased for both models, however, only for the engine range of 1000-2000 rpm and 1000-3000 rpm, 380 respectively. It is worth noting that at 4000 to 5000 rpm, the torque of the EAT models has been 
Results from the optimised compressor
399
In this section, the results obtained from GT-Power simulation for the optimised compressor 400 which was found by using the Matlab code are presented and discussed. 
405
These geometries were applied to the GT-Power models to evaluate the effect of the optimised 406 compressor to the engine performance. In addition, to identify the differences between the initial and 407 the optimised compressor a one by one comparison of the models was conducted.
409
Comparison of the baseline models
410
The results in Figure 16 shows that overall, there was a slight increase in the engine torque 411 with the optimised compressor. However, at high engine speed and especially from 4000 to 5000 412 rpm the engine torque has been moderately risen. Similarly, in Figure 17 the BSFC for the optimised 413 compressor has been slightly improved compared with the BSFC of the initial compressor.
414
Moreover, there was not any reduction to the transient response time of the engine with the 415 optimised compressor. However, the turbocharger shaft speed for 1000rpm engine speed has been 416 peaked to a higher value than the initial compressor design as is shown in Figure 18 . 
510
In addition, the results in Figure 29 indicate that overall the brake specific fuel consumption 
Conclusion
528
A design methodology is implemented based on authoritative loss models for the preliminary 529 design of a centrifugal electrically-assisted turbocharger (EAT) compressor. The methodology 530 extended to engine performance modeling for a conventionally and an electrically-assisted proposed method was imported to the engine simulation software while the EAT-equipped engine 533 was tested at five different power levels from 1kW to 5kW.
534
The results obtained from the engine simulations indicated that the electrically-assisted 535 turbocharger (EAT) engine model improved the overall performance of the engine compared to the 536 baseline engine. Moreover, the electrically-assisted turbocharger (EAT) equipped engine power 537 output with 1kW and 5kW electrically-assisted turbocharger (EAT) power levels was increased by an 538 average of 5.96% and 15.4%, respectively, from 1000 to 3000 rpm engine speed compared to the 539 baseline model.
540
As far as the BSFC is concerned for the electrically-assisted turbocharger (EAT) model for 1kW 541 and 5kW, there was an overall fuel consumption decrease of 0.53% and 1.45% depending on engine 542 operating conditions, respectively, compared to the initial baseline engine model. 
